• Cloud cover and mixed-phase parameterization compensate in GCMs. 10
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clouds that are too bright and too few. We know of no robust physical mechanism that 24 can be invoked to explain the anti-correlation between the temperature at which 25 supercooled liquid can remain unfrozen and cloud fraction in the climate mean state, 26 especially because this anti-correlation extends through the subtropics. A set of perturbed 27 physics simulations with the Community Atmospheric Model Version 4 (CAM4) shows 28 that, if its temperature-dependent phase partitioning is varied and the critical relative 29 humidity for cloud formation in each model run is also adjusted to bring reflected SW 30 into agreement with observations, then cloud fraction increases and liquid water path
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In addition to the T5050, we use the liquid water path (LWP), total cloud fraction 161 (CF), upwelling SW, skin temperature, and pressure velocity at 500hPa. These are 162 retrieved for the period 1850-1900 in the historical emissions scenario for each of the 163
GCMs. GCM data from the RCP8.5 emissions scenario from the period 2025-2075 are 164 used to compare the climate mean-state to a warmed climate. In-cloud LWP is estimated 165 as the LWP divided by CF. This estimate is very crude and is only intended to help 166 disentangle the covariance between LWP and CF, rather than serve as a rigorous estimate 167 of the in-cloud LWP. Monthly climatologies are created on a 2.5°x2.5° latitude-longitude 168 grid for each model. The SW cloud feedback for each model is calculated as the 169 temperature-mediated response of cloud-induced shortwave radiation anomalies in abrupt 170 4xCO2 simulations using the approximate partial radiative perturbation (APRP) method 171 of Taylor et al. [2007] . 172
In this study we focus on the effect of the mixed-phase parameterization on SW 173 cloud reflectivity. Several clear a-priori reasons suggest that mixed-phase partitioning 174 should affect the reflected SW, and there is a large spread in SW low-cloud feedbacks in 175 the Southern Ocean [Zelinka et al., 2012; Zelinka et al., 2013] . The effect of the mixed-176 phase cloud parameterization on the reflected SW can occur through several pathways: 177 ice particles tend to be larger and less reflective than liquid [Heymsfield et al., 2003 ; 178
McCoy et al., 2014b]; ice tends to precipitate more easily than liquid and depletes the 179
cloud water more rapidly [McCoy et al., 2015b; Morrison et al., 2011] ; and ice 180 precipitation can also thin clouds and decrease cloud fraction [Heymsfield et al., 2009 ; 181 9 longwave (LW) radiative properties are less clear and there appears to be little LW cloud 183 feedback in the Southern Ocean [Zelinka et al., 2012; Zelinka et al., 2013] . 184
Inter-model differences in cloud parameterization are complex and it is difficult to 185 isolate a particular factor as controlling inter-model behavior. To determine whether the 186 diagnosed CMIP5 behaviors are consistent with adjustments to mixed-phase behavior and 187 cloud cover in each GCM, we compare our analysis to an ensemble of CAM4 simulations 188 where the cloud physics have been systematically perturbed. 189
The observations of cloud properties used in this study are provided by the 190
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument collection 5.1 191
dataset [Platnick et al., 2003] ; and the unified microwave liquid water path data set 192
described in O'Dell et al. [2008] (UWISC). Uncertainty in cloud cover was estimated by 193
contrasting the cloud mask and the cloud fraction excluding partially cloudy pixels. The 194 difference between these quantities is especially large in broken cloud [Marchand et al., 195 2010] . The range of the in-cloud LWP was estimated using the MODIS retrieval and the 196 UWISC microwave LWP divided by the MODIS cloud mask. per standard deviation in T5050 across the GCMs considered in this study. To understand 220 the relationship between T5050 and SW we will examine the behavior of various cloud 221 properties across GCMs in relation to their mixed-phase parameterizations. 222
In nearly every location, models with higher T5050 have larger CF and smaller 223 LWP and CF-normalized LWP (Figure 4) . The relation between T5050 and these cloud 224 properties is weaker in the tropics. The mean-state general circulation differs significantly 225 between models, making the comparison of cloud properties in the convective tropics 226
problematic. In order to compare differences in cloud properties between similar regimes 227 we composite each cloud property on large-scale subsidence, in keeping with previous 228 studies [ Bony et al., 2006] . We examine the correlation between cloud properties and 229 T5050 as a function of large-scale vertical motion at 500 hPa. Equal quantiles of 230 subsidence are created for the GCMs and the regression of GCM cloud properties on 231 T5050 is performed in each quantile. LWP and the cloud-fraction-normalized LWP 232 correlate negatively with T5050 across all vertical velocity bins ( Figure 5 ). This 233 correlation is significant at 95% confidence at pressure velocities less than 1.5 hPa/s. The 234 cloud fraction is significantly correlated with T5050 across all pressure velocity regimes. 235
The sign of this correlation is in contradiction to observations of supercooled liquid 236 clouds, which show that enhanced glaciation (i.e., larger T5050) tends to decrease cloud 237 fraction [Heymsfield et al., 2009; Morrison et al., 2011] . Additionally, interactions 238 between ice and liquid do not appear to be a common feature of GCM cloud cover 239 parameterizations [Qu et al., 2014] , which makes it hard to provide a convincing physical 240 explanation for why such a persistent correlation between CF and T5050 exists across the 241 CMIP5 model suite. It seems more likely that an artificial compensation between cloud 242 albedo and fraction exists in GCMs. Because liquid generally has a smaller particle size 243 and is more reflective than ice [Heymsfield et al., 2003; McCoy et al., 2014b] 
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To examine the dependence of low cloud properties on mixed-phase 251 parameterizations we consider the Southern Ocean. The Southern Ocean cloud cover in 252 the control climate significantly affects the atmospheric general circulation in GCMs 253 [Frierson and Hwang, 2012; Hwang and Frierson, 2013] . In addition, this region has 254 extensive cloud cover [Haynes et It is interesting that models do not appear to be able to represent the combination 293 of cloud cover, LWP, and super-cooling that satellites observe in the current climate, 294 even though their SW cloud radiative effect (CRE) is roughly consistent with CERES. 295 14 between -54.7 Wm-2 and -40.5 Wm-2 with a median value of -49.8 Wm-2 and a standard 297 deviation of 3 Wm-2. CERES EBAF TOA 2.8r estimates SWCRE over oceans as -47.15 298 Wm-2. While the maximum difference between models is nearly 15 Wm-2, the majority 299 of the models are relatively close together. 300
It is unclear why the best-fit line of the models does not pass through the 301 observationally estimated range of T5050 and LWP normalized by CF (Figure 6a originating from offsetting differences between the mixed-phase and cloud cover 326 parameterizations we create a set of perturbed physics simulations in the Community 327
Atmospheric Model Version 4 (CAM4). 328
We run CAM4 at 4°x5° horizontal resolution with fixed SST and a set of 329 perturbed microphysics. CAM4 parameterizes mixed-phase physics and cloud cover in a 330 highly idealized manner [Gent et al., 2011; Rasch and Kristjánsson, 1998 ]. Ice and liquid 331 condensate are partitioned linearly as a function of temperature, and the cloud fraction is 332 evaluated based on a critical relative humidity threshold. We alter the phase partitioning 333 function and critical relative humidity for low cloud formation to create an ensemble of 334 CAM4 simulations where the T5050 spans the range of T5050 in the CMIP5 models. The 335 mixed-phase partitioning in this ensemble has been adjusted so that the T5050s of the 336 different realizations of CAM4 span 230K-265K. In each case, lower T5050 results in a 337 higher SWCRE as in-cloud LWP increases. The critical relative humidity for low cloud 338 formation is then altered in each simulation so that the global SWCRE stays 339 approximately constant. Each perturbed physics simulation in CAM4 is run for two years 340 with the finite volume dynamical core. In CAM4 cloud microphysics are prescribed so 341 that the cloud droplet number concentration has fixed values over land, ocean, and ice. In Southern Ocean upwelling SW fairly independent of T5050, although strong correlations 379 appear to exist at the edges of the Southern Ocean (Figure 3) . 380
We will now discuss how model mixed-phase behavior appears to influence the 381 cloud feedback. The GCM-predicted LWP increase with warming that drives the robust 382 negative optical depth cloud feedback at high latitudes (Figure 9a ) [Gordon and Klein, between T5050 and changes in cloud fraction in GCMs (Figure 10) . One potential 427 explanation is that the GCMs adjust their critical RH in the same way that critical RH and 428 T5050 were adjusted in our perturbed physics CAM4 ensemble ( [Qu et al., 2015] , 439 making it difficult to isolate the role of model-specific low cloud sensitivity to RH and 440 model-specific changes in RH in driving the correlation between cloud amount feedback 441 and T5050. Regardless of the adjustment method used, climate mean state cloud fraction 442 is uniformly higher; subtropical cloud cover decreases more; and Southern Ocean cloud 443 cover increases more in high T5050 GCMs. It appears that this behavior is linked to 444 adjustment in some global cloud cover-controlling parameter to compensate for the 445 choice of mixed-phase parameterization in a given GCM. 446
In summary, the SW cloud albedo feedback is negatively correlated with T5050, 447 which is consistent with transitions from ice to liquid in a warming climate. The SW 448 cloud amount feedback correlates positively and negatively with T5050, depending on 449 region. We speculate that the larger decreases in subtropical low cloud cover in high 450 T5050 GCMs may be due to across-model covariance between critical RH, or some other 451 factor controlling the sensitivity of cloud cover to the large scale environment, and T5050. 452
It is interesting to note that the remote sensing-inferred range of T5050 [Cesana 453 et al., 2015; Hu et al., 2010] shows that a substantial fraction of the CMIP5 models do 454 not maintain liquid to sufficiently low temperatures (Figure 1a) , indicating that the 455 optical depth feedback is likely to be less negative than implied by the CMIP5 ensemble. 456 This is consistent with the conclusions of Gordon and Klein [2014] . Similarly, GCMs 457 with a higher T5050 have a more positive subtropical cloud amount feedback, however 458 the linkage between these model features appears to be artificial, in contrast to the 459 linkage between the optical depth feedback and T5050. That is, if the linkage between 460 cloud cover and T5050 was based on some sort of physical process we could hypothesize 461 that excluding models with T5050s outside of the observational range would yield a 462 reasonable range for the cloud amount feedback . However, the 463 linkage between T5050 and cloud amount feedback does not appear to be based on a 464 physical mechanism. Thus, the most reasonable range of T5050 does not give us any 465 insight into the most reasonable cloud amount feedback. In summary, our analysis of the 466 
Conclusions 473
We examine a wide selection of the GCMs from CMIP5 in relation to their cloud 474 properties and mixed-phase behavior. GCMs effectively partition ice and liquid cloud 475 condensate as a monotonic function of atmospheric temperature. This partitioning is 476
highly variable between models (Figure 1a) . The temperature where cloud ice and liquid 477 are equally abundant (T5050) was used to typify the mixed-phase behavior in each model. implies that models that glaciate more readily will have a larger increase in cloud fraction 511 as easily precipitable ice is replaced with liquid in a warming climate. This is consistent 512 with the Southern Ocean cloud amount feedback where mixed-phase clouds are prevalent 513 (Figure 9) . A stronger decrease in cloud fraction across the subtropics in models that 514 glaciate more readily does not have a robust physical explanation, much less one that 515 would be implemented across the CMIP5 models. It seems possible that across-model 516 covariances between T5050 and cloud-coverage-controlling parameters among GCMs 517 lead to a stronger decrease in subtropical cloud cover as the climate warms in high T5050 518
models. 519
The SW cloud albedo feedback correlates negatively with T5050 through the mid 520 and high latitudes (Figure 9) . This is sensible because GCMs with more ice in their 521 control climates will be able to transition more ice to liquid. Because liquid is more 522 reflective than ice this results in a negative optical depth feedback. While it is important 523 to keep in mind that the observational mixed-phase partitionings shown in Figure 1a are 524 not directly analogous to the GCM T5050, a significant number of GCMs (12/26) 525 considered in this study have a higher T5050 than inferred from either satellite 526 observations or the most polluted continental ground-based lidar observations. This 527 indicates that the cloud albedo feedback in the mid and high latitudes may be 528 unrealistically negative in GCMs. This is consistent with the conclusions presented by 529
Gordon and Klein [2014] . 530
Overall, it is likely that the broad range in mixed-phase parameterizations and 531 compensating changes in cloud fraction significantly affect the cloud properties in both 532 the control and perturbed climates simulated by GCMs. It is evident that mixed-phase 533 parameterizations must be more carefully vetted in the next generation of GCMs to 534 reduce regional albedo biases and narrow the uncertainty in cloud feedback and climate 535 sensitivity. Table 2 ). 
